Vascular streak dieback (VSD) caused by the basidiomycete (Ceratoasidiales) fungus, *Ceratobasidium theobromae* (Talbot and Keane) \[[@B1][@B2]\], is an important disease in cacao growing areas extending from New Britain Island, Papua New Guinea in the east to Hainan Island, China in the north and to Kerala State, India in the west \[[@B1]\]. In Indonesia, the disease was reported for the first time in Sabatik Island, East Kalimantan in 1983. Then in 1984, VSD was found in Southeast Sulawesi and Maluku and in 1985 in West Java, Central Java, East Java, North Sumatra, West Kalimantan, and North Sulawesi \[[@B3]\]. In the early 2000s, this disease also caused serious losses in cacao plantations in South Sulawesi, West Sulawesi, Central Sulawesi, Gorontalo, Bali, Papua, and West Sumatra \[[@B2][@B4][@B5][@B6]\]. Therefore, VSD became widely distributed in the country, to a similar extent as *Phytophthora* pod rot disease. Basidiospores of the fungus released and dispersed by the wind during high humidity periods in rainy season infect young leaves. In the leaf, the fungus colonizes xylem vessels and then moves into the midrib, petiole, and branch. This infection cause the death of shoot apex, branches and in susceptible clone can kill a mature cacao tree \[[@B2][@B7]\]. Production losses due to VSD was estimated at 30,000 tonnes annually which was 5.3% of the Asian cacao production in 1998 \[[@B8]\]. The use of infected plant material, besides air-borne spores of the fungus are apparently responsible for long distance distribution of the disease.

Pruning, the use of healthy plant material, and the propagation of resistant cacao clones are so far the known methods of controlling VSD infestation. Frequent pruning of infected branches about 30\~40 cm below the end visibly streaking symptoms delay the disease build up \[[@B9][@B10]\], but this method may inhibit cacao growth, and is labor intensive and expensive. In actual conditions where the infestation of VSD is very widespread, it is difficult to find healthy plant material for use in cacao rejuvenation and rehabilitation. Although resistant cacao clones such as S1, S2, Sca 6, KEE 2, DRC 15, and KKM 22 are available in the field \[[@B11][@B12]\], some of these clones are not preferable for farmers. This can limit the use of resistant clone in the management of VSD. We have investigated using endophytes as a durable, plant-based, biocontrol alternative for management of VSD disease in the short and or long-term period.

*Trichoderma* species are nonpathogenic free living organisms associated with the roots of plants as opportunistic, avirulent plant symbionts \[[@B13]\]. The critical characteristic of this association is *Trichoderma* penetration into the root system, where they can persist. Recent studies on cacao show that *Trichoderma* is also capable of persisting on living sapwood and leaves in an endophytic association \[[@B14][@B15][@B16]\]. In the presence of *Trichoderma* on cacao tissue, the VSD incidence decreased when the pathogen was inoculated by foliar spraying and seedling grafted with scion infected by pathogen. In addition, *Trichoderma* have added ability of enhancing cacao shoot-grafts on seedlings \[[@B16]\].

The result mentioned above was based on research carried out in green house where the inoculation of pathogen occurred one time, while in the field the inoculation of the pathogen could be multiple due to more sources of inoculum. The use of scions infested by *C. theobromae* or infection of the fungus on side grafts already grown in field can cause the failure of side graft growth and, therefore, the objective of the present research was to increase the survival and growth of side graft, and also protect them from severe infestation of the disease, by application of a *Trichoderma asperellum* isolate to the scion prior to attachment to the exposed cambium at the site of side grafting.

MATERIALS AND METHODS
=====================

Source and preparation of *Trichoderma* for treatment
-----------------------------------------------------

A strain of *T. asperellum* shown to be the most effective in controlling of VSD in the green house was chosen for this study: *T. asperellum* strain ART-4/G.J.S. 09-1559 \[[@B16]\]. This strain is held in the collection of the Cocoa Research Group Laboratory, Faculty of Agriculture, Hasanuddin University, Makassar 90245 Indonesia and in the collection of the Systematic Mycology and Microbiology Laboratory, U.S. Department of Agriculture, Agricultural Research Service, Beltsville, MD, USA. To obtain sufficient inocula for field application, the strain was cultured on potato dextrose agar (PDA) medium, incubated at room temperature (25℃ to 27℃) for 5 days and then five agar plugs with spores and mycelia were transferred to 100 g of rice grain medium in a plastic bag. The plastic bag was then sealed and the most of the air removed with a fine sterile needle to reduce the aeration of the *T. asperellum* culture. After 6 or 7 days of incubation at the same temperature as above, the culture was harvested, dried at a temperature of 35℃ to 40℃ for 2 hr, and then air dried for several hours. The product was ready to apply in the field after grinding to form a smooth powder.

Field assessment
----------------

To evaluate the efficacy of *T. asperellum* against VSD disease, the fungus was introduced through the connection site of side grafting on adult cacao tree in the field area infested severely by the disease. Healthy scions about 1 cm thick, 7 cm long, brown in color, and with three until four buds were selected. Their leaves were removed leaving around half a centimeter of the petioles. On the thick end of this scion, a wedge was formed by making two slanted cuts, one long and one short and placed in a suspension of *T. asperellum* for 10 min. After air drying, the scion was inserted into cuts in the bark made horizontally and vertically down to the cambium level 1 m from the ground, then attached by a cord wrapped around the trunk. The graft was covered with transparent plastic for 20\~25 days. The quantity of *T. asperellum* isolate used was based on the amount used by Hakkar et al. \[[@B17]\], consisting of 4 g suspended in 10 mL, 100 mL, and 1,000mL of sterile water.

The experiment was established with a randomized block design with two clones MCC1 and M04 located in each plot, treated with varying concentrations of *T. asperellum* as mentioned above, and a control with just water used. Each treatment for each clone consisted of 18 side grafts, providing a total, including the control of 72 side grafts and for two clones, 144 side grafts. This field trial was located on a farm where infestation of cocoa trees by VSD was very high.

The impact of *T. asperellum* treatments was evaluated by VSD incidence in grafted shoots and, also by the growth of side grafts, stomata number per square centimeter of leaf, measurement of length, width and area of stomata opening, and amount of chlorophyll. VSD incidence was determined on side grafts by using the formula of *I = a/b* where *I* is incidence, *a* is number of leaves showing VSD symptom and *b* is the total of leave observed in one side grafts. The youngest fully expanded leaf on cacao branches of 24-week-old was selected at AM 8:00 and used for calculation of stomata density, measurement of stomata pore length, width and area, and chlorophyll content. A drop of nail polish was applied to the surface of the leaf and after drying, this drop was covered with clear packing tape. The packing tape was then pressed firmly for about 30 sec, peeled gently, and the impression stuck to a clean slide and observed under the light microscope. The area of stomata opening in suare micrometer was calculated by using the formula of A = πR~W~ × R~L~, where A is area, π is constanta, R~w~ is width radius and R~L~ is length radius. Chlorophyll content was measured with a CCM 200 plus device and calculated by the formula of Silla et al. \[[@B18]\]. The stomata number, stomata size, and chlorophyll content was obtained from 12 side grafts or 48 leaves per treatment as well as the control for the MCC1 and M04 clones.

In addition, side graft growth was also evaluated for the number of shoots on each side graft. This evaluation was done for 30 side grafts treated with *Trichoderma* and 30 non-treated side grafts.

*Trichoderma* isolation
-----------------------

Re-isolation of *T. asperellum* was done after the new scion and leaves developed on side grafts at 16 wk, 20 wk, and 24 wk after grafting. Leaves, petioles and scion were sampled: in each case, the leaves were cut using a surface sterilized knife into 1 cm^2^ pieces, while the petioles and the branch into 1 cm sections. These were sterilized in 2% sodium hypochlorite, 70% ethanol and vigorously washed several times in sterile water before being placed onto 20 mL PDA medium in 9 cm diameter Petri dishes \[[@B19]\]. All Petri dishes were incubated at room temperature and examined every day for the presence of *Trichoderma*.

Analysis
--------

VSD incidence, density of stomata per square centimeter, length, width, and area of stomata opening, and chlorophyll content per square centimeter were analyzed without any data transformation. Least significant difference was then used for evaluating significant differences between the treatment means.

RESULTS
=======

VSD incidence
-------------

The buds on side graft of MCC1 and M04 clones started to sprout 3\~4 wk after inserting the scion to the trunk. The symptoms of VSD on leaves of untreated side grafts appeared after 12 wk, while on leaves of side grafts treated by *T. asperellum* with either 4 g/10 mL, 4 g/100 mL or 4 g/1,000 mL appeared after 13 wk. The incidence of VSD both on MCC1 and M04 without application of *T. asperellum* tended to increase with time, reaching 53.9% and 53.5%, respectively, 15 wk after inserting the scion and 71.2% and 70.1% at 21 wk. On the contrary, the incidence of VSD on these two clones treated tended to decrease with time. On MCC1 and M04 treated with a concentration of 4 g/10 mL, VSD incidence was 30.0% and 18.8% at 15 wk and 20.6% and 21.7% at 21 wk, respectively. At a concentration of 4 g/100 mL, the incidence was 29.1% and 20.9% at 15 wk and 22.0% and 17.6% at 21 wk, respectively. At a concentration of 4 g/1,000mL, the incidence was 19.9% and 25.1% at 15 wk and 18.2% and 15.9% at 21 wk, respectively ([Fig. 1](#F1){ref-type="fig"}). In these two clones, the VSD incidence on control was significantly different (*p* ≤ 0.05) with *T. asperellum* treatment of 4 g/10 mL, 4 g/100 mL, and 4 g/1,000 mL, while between treatment was not significantly different, except on M04 at 21 wk ([Fig. 1](#F1){ref-type="fig"}).

Density, pore length, pore width, and pore area of stomata
----------------------------------------------------------

The density of stomata on leaves of MCC1 cacao clone was higher than that on leaves of M04 clone and this density was reduced when the two clones were treated with *T. asperellum* at grafting with concentrations of 4 g/10mL and 4 g/100 mL, and 4 g/1,000 mL, except in M04 was increased slightly when treated with a concentration of 4 g/1,000 mL. Leaves treated with the three concentrations (4 g/10 mL, 4 g/100 mL, and 4 g/1,000 mL) had a stomata number per square centimeter of 88.5, 106.2, and 130.9 for MCC1 and 88.5, 99.5, and 130.6 for M04, compared to 152.2 and 127.4, for the control leaves of MCC1 and M04, respectively ([Fig. 2](#F2){ref-type="fig"}). In the two clones above, the number of stomata in the control was significantly different (*p* ≤ 0.05) from those following *T. asperellum* treatments of 4 g/10 mL and 4 g/100 mL but was not following treatment of 4 g/1,000 mL.

The stomata opening length of MCC1 cacao leaves was longer than that of M04 cacao leaves, while the stomata opening width was apparently not difference. When side graft of two clones treated by *T. asperellum* with concentration of 4 g/10mL, 4 g/100mL, and 4 g/1,000mL, the length, the width, and the area of stomata opening increase compared to control. This length on MCC1 treated was 7.0 µm, 7.6 µm, and 6.3 µm or incresing of 22.8%, 33.3%, and 10.5% and on M04 was 8.0 µm, 7.0 µm, and 6.0 µm or increasing of 60.0%, 40%, and 20%, respectively ([Fig. 2](#F2){ref-type="fig"}). The width on MCC1 was 2.1 µm, 2.1 µm, and 1.6 µm or increasing 40.0%, 40.0%, and 6.7% and on M04 was 2.4 µm, 3.2 µm, and 1.5 µm or increasing of 84.6%, 146.2%, and 15.4%, respectively ([Fig. 2](#F2){ref-type="fig"}). While the area of stomata opening on MCC1 was 11.8 µm^2^, 12.3 µm^2^, and 7.9 µm^2^ or increasing 91.4%, 99.7%, and 28.6% and on M04 was 15.2 µm^2^, 17.6 µm^2^, and 6.8 µm^2^ or increasing 203.8%, 253,5%, and 35.9%, respectively. Both on MCC1 and M01 clones, the average of stomata opening area on control was significantly different (*p* ≤ 0.05) with *Trichoderma* treatment of 4 g/10 mL and 4 g/100 mL, but not with 4 g/1,000 mL.

Chlorophyll content
-------------------

The impact of *T. asperellum* on chlorophyll content in cacao leaves depand on clone and *T. asperellum* concentration. On MCC1 clone, the chlorophyll content was increased when this clone was treated by *T. asperellum* concentaration of 4 g/10 mL and 4 g/100 mL with 0.42 mg/cm^2^ and 0.41 mg/cm^2^ while on M04 just by concentration of 4 g/10 mL with 0.42 mg/cm^2^, respectively. All of these chlorophyll content was significantly different (*p* ≤ 0.05) with control having 0.40 mg/cm^2^ and 0.41 mg/cm^2^ chlorophyll, respectively. With *T. asperellum* concentration of 4 g/1,000 mL, the cholophyll content was same with control on MCC1 and on M04 clone was decreased to 0.40 mg/cm^2^ ([Table 1](#T1){ref-type="table"}).

Side graft shoots and branches
------------------------------

Application of *T. asperellum* increased the number of shoots and branches formed on side grafts. The average number of shoots on treated side grafts was 26.7 and on untreated side grafts was 14 and this difference was significant (*p* ≤ 0.05). The average number of branches on treated side graft treated was 28 and untreated side graft nontreated was 23 and the difference was also significant ([Fig. 3](#F3){ref-type="fig"}).

Re-isolation of *T. asperellum*
-------------------------------

No *T. asperellum* was found on leaves, petioles and branches after 16, 20, or 24 wk after application of this fungus at the connection site of side grafting.

DISCUSSION
==========

The results reported here showed that VSD incidence on young MCC1 (previously called M01) and M04 reached 71.2% and 70.1% at 21 wk, respectively. These clones are considered to be susceptible to *Ceratobasidium theobromae* infection. The source of inoculum possibly was the fungus on the infected mother tree and other infected cacao trees in the field and/or the infected scion itself. Since we selected scions for side grafting in field areas infested by VSD, it was possible that these scions harboured the fungus. *T. asperellum* inoculated through the connection site for side grafting in the field had a positive impact, decreasing VSD disease and also increasing side grafts growth. Symptoms of VSD on leaves were significantly decreased, but we were not able to re-isolate *T. asperellum* from leaves, petioles and new branches. This suggests that the *Trichoderma* moved to other parts of the cacao tree, probably to the roots as has been described for other *Trichoderma* spp. \[[@B20]\]. A study of cacao seedlings treated by *T. asperellum* showed that this fungus occurred on leaves and stems in the first and the second month after foliar spraying and after this time was recovered dominantly on roots \[[@B21]\]. Beneficial relationships between plants and microorganisms often occur in the rhizosphere \[[@B22]\] and the mode of action here suggest an indirect action where the stimulation of resistance to infection of leaves by *C. theobromae*, the pathogen of VSD originated from the root, besides direct action as has been described for other strains of *Trichoderma* \[[@B23][@B24][@B25]\]. In case of indirect action, *Trichoderma* releases damage-associated molecular patterns and expresses a microbial-associated molecular patterns (MAMPs) resulting from the activity of its cell wall degrading enzyme on pathogens or plants, with a further consequence of elicitation of defense responses \[[@B26][@B27]\]. MAMPs secreted by *Trichoderma* responsible for defense responses include polygalacturonases, xylanases, cellulases, cerato-platanins, swollenins, avirulence proteins and lysine motif (LysM) domains, peptaibols, 6-pentyl pyrones, and trichothecenes \[[@B20]\].

There was not much variation in response to the three concentration of *T. asperellum* included in this study. On MCC1 clone, VSD suppression at the three different concentrations reached 69.1\~74.4% and on M04 clone reached 69.0\~77.3%. Therefore, we consider that the application of *Trichoderma* through site of side grafting in field was relatively effective and a concentration of 4 g/1,000 mL was more efficient due to ease of preparation of the suspension and the higher number of scions that can be treated fom one suspension.

In addition to plant defense response, the presence of *Trichoderma* on plants could up-regulate some proteins, while down-regulating other proteins. The largest number of up-regulated proteins is involved in carbohydrate metabolism, with substantial increases in proteins involved in photosynthesis \[[@B28][@B29]\]. This cross-talk between *Trichoderma* and plants plays a role in the phytohormonal network leading to an improvement of plant growth and development \[[@B30]\]. The increase of phytohormones such as auxins and the decrease of cytokinins and abscisic acid are probable the responsible for plant growth and development promotion \[[@B31][@B32]\]. Beside proteins and hormons, certains polyamine increase in *Trichoderma*-colonized plant. Polyamines are organic polycation such as putrescine (Put), spermidine (Spd), and spermine (Spm) involved in various developmental processes \[[@B33]\].

We suggest in our case, the change of stomata density, opening size and opening area on cacao leaves treated by *T. asperellum* have an impact on cacao growth and development. Almost at all concentrations of *T. asperellum*, the stomata density decreased. Lower stomata densities have been reported in resistant cacao clones \[[@B12]\], although balanced with significant increase of length and width of stomata opening. If we see the total size of opening, the application of *T. asperellum* with three different concentrations increased the area of these opening, this would contribute to increase the photosynthesis by more uptake of CO~2~ and could be advantageous to promote side graft growth. Polyamines regulate stomata closely correlated with the improvement of photosynthesis, possibly due to the greater amount of CO~2~ available for its fixation by photosynthetic enzyme \[[@B34]\]. In our work, the number of chlorophyll increased notably on MCC1 clone when *T. asperellum* was applied in high concentration. Several studies have shown that chloroplasts contain high activities of polyamine biosynthetic enzymes and transglutaminase (Tgase) catalyzing the covalent binding of polyamines to proteins ([Table 1](#T1){ref-type="table"}) \[[@B35][@B36]\]. In response to stress, enzymes are also involved in regulation of photosynthesis \[[@B37]\] including disease infection.

We conclude that the increase of stomata opening are both through augmentation of opening length and width and stomata number is correlated with growth promotion of side grafts. This suggestion was also supported by more buds and branches formed when treated with *T. asperellum*. However, more or larger stomata may also lead to dehydration in long term, therefore stomata must function in a way to optimize dry matter production by balancing photosinthesis and transpiration. For this reason, small concentration of *T. asperellum* (4 g/1,000 mL) is apparantly sufficient to support the growth of side grafts and can also efficiently inhibit VSD disease.

An Indonesian government program of cacao rehabilitation involving the complete replacement of non productive, dead or diseased cocoa is underway to increase cocoa productivity in the centers of Indonesia cacao plantings and side grafting is an important propagation method. Our research offered new insights to the application of a biological agent using the simple method of application at the site of side grafting in the field. The treated side grafts resist to systemic disease, VSD which is difficult to control. In addition, many scions fail to grow and develop due to several factors including infection by disease.We showed that application of *T. asperellum* may help growth and survival of side grafts. The simplicity of the application method permits this treatment of *T. asperellum* through site of side grafting to be used on a big scale, and, therefore, would be suitable in rehabilitation programs. So far, the application of *T. asperellum* through side graft using only low concentrations have been conducted on more than 15,000 trees and we observe the side graft have grown well with healthier leaves, compared to untreated grafts, with lower infestation rates of VSD.
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Means in the same column followed by same letter are not significantly different according to least significant difference (*p* ≤ 0.05).
